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Review of the Subject.—// the dielectric of a single-con
ductor concentric cable is homogeneous, the voltage gradient at 
any diameter x is given by 

dv _ 0.868 V 
dx ~~ ~ D 

d 

d v 
where ——- is the voltage gradient or dielectric stress, V the voltage 

d x 
between conductor and sheath, D the diameter over the dielectric 
and d the diameter over the conductor. 

A complete discussion of the above formula is followed by con
siderable experimental data and curves accumulated from many 
breakdown tests. 

Results of tests on cables with large ratios of dielectric diameter 
to conductor diameter are included and a modification of the above 
theoretical forinula is discussed. The modified formula is checked 
by tests on a special cable which was constructed for this purpose. 

A new relation between the rupturing gradient at the surface of 
the conductor and the ratio D/d is suggested and curves of experi
mental data given. 

Breakdown tests on three-conductor cables are included and the 
calculated rupturing stresses compared with those for single-con
ductor cables. 

Special cables were constructed so that measurements could be 
made of voltages between layers of insulation. From data obtained 
from these tests, curves are given showing the change in potential 
gradient as the internal heat of the cable is increased. Curves are 
given showing the effect of a change of temperature on the dielectric 
strength, the stresses and the factor of safety of cables. 

A complete description is given of the low-capacitance electro
static voltmeter used in the temperature-potential-gradient tests. 
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INTRODUCTION 

IN a paper presented before the Institute in 19141 

two of the authors gave the relations of testing 
voltage to the allowable stress and to the geometry 

of cables. The rules and constants given at that time 
were the results of data and experience covering a 
number of years. Since that time we have been con
ducting numerous experiments in order to determine 
more specifically the relations which exist among the 
maximum allowable gradients, the applied voltage and 
the geometry of cables. Tests have also been con
ducted to determine the effect of the conductor heating 
on the potential gradients in cables. 

It should be appreciated that it is not a simple matter 
to determine the laws governing the breakdown voltage 
of dielectrics because the results are usually so erratic. 
The breakdown voltage for various sections cut from 
the most carefully made cable varies over wide limits 
even under the same conditions of test, owing to the 
fact that it is practically impossible to make homo
geneous insulation. When a weak spot yields to the 
stress, more stress is immediately concentrated on the 
remaining layers, and the cable punctures. This action 
is cumulative and tends to produce erratic results, 
even under the best of conditions. The breakdown 

1. W. I. Middleton and Chester L. Dawes "Voltage Testing 
of Cables,"TRANS.A. I. E. E., Vol. X X X I I I (1914), page 1185. 

Presented at the Annual Convention of the A. I. E. E., 
Niagara Falls, Ont., June 26-30, 1922. 

voltage is also a function of the rate of application of 
voltage, length of cable tested, etc. We have taken 
every precaution to prevent inconsistent results, by 
raising the potential at the same rate in every case, by 
using the same lengths of cable, and by taking the 
average of at least five readings for each test. 

We are presenting the results obtained from numer
ous experiments and indicating the laws which break
downs, etc., appear to follow in these tests. We do not 
claim that these laws are final, but on the contrary we 
feel that considerable more data must be obtained 
before any such laws can be accepted as final. In 
order to conduct a series of tests which will give satis
factory results, a large number of cables having the 
same dielectric, but with fixed outside diameters and 
variable conductor diameters, and also cables with fixed 
conductor diameters and variable outside diameters 
must be carefully made and tested. The fact that this 
involves considerable time and expense has prevented 
more data of this character being obtained. 

If the dielectric of a single-conductor concentric cable 
is homogeneous, the voltage gradient at any diameter 
x is given by 

dv 0.868 V 
7 7 " D = S ( 1 ) 

X lOgio —r-

d 
where S is the dielectric stress or potential gradient, V 
the voltage between conductor and sheath, D the diam
eter of the dielectric, and d the conductor diameter. 
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If x is expressed in mils, S is given in volts per mil. 
The stress is obviously a maximum at the surface of 
the conductor, where a; = d. If the conductor diameter 
d, is small as compared with D, the stress S at the sur
face of the conductor will be large, even with a thick 
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FIG. 1—RELATION BETWEEN STRESS AT SURFACE OF CONDUCTOR 
AND CONDUCTOR DIAMETER 

Impressed voltage and insulation diameter fixed. 

wall of insulation, owing to the concentration of the 
dielectric flux at the conductor surface. As the diam
eter of the conductor d increases, D and V remaining 
fixed, S at first decreases, because of the less concen
tration of dielectric flux with increasing conductor 
diameter. When d = D/2 .72 , where 2.72 is the 
Napierian logarithmic base, S becomes a minimum. 
The gradient then increases with further increase in 
d, owing to the lesser thickness of the wall of the dielec
tric. The relation of the gradient S at the surface of 
the conductor and the ratio of the conductor to the 
dielectric diameter for fixed values of V and D is shown 
in Fig. 1. The minimum gradient occurs when 
d/D = 0.368 = 1/2.72. The curve, however, is quite 
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FIG. 2—RELATION BETWEEN ALLOWABLE VOLTAGE AND CON
DUCTOR DIAMETER 

Maximum stress and insulation diameter fixed. 

flat near the point of minimum gradient. Obviously, 
S is infinite when d = O, and when d = D. 

If the allowable gradient S at the surface of the con
ductor and the diameter of the dielectric D, be main
tained constant, the voltage which may be impressed 
on the cable 

V ~ ̂  d l 0 g l ° f - 1 1 5 S d l o g l 0 " 7 " ( 2 ) 

Fig. 2 shows the relation between V and d, with S 
and D ( = 1.0) fixed. The maximum voltage which 
may be impressed under these conditions, and yet not 
overstress the dielectric at any point, occurs when 
D/d = 2.72 or when d/D = 0.368. The voltage V 
is obviously zero when d = O and when d = D. 

When D/d is equal to or less than 2.72, equations 
( 1 ) and (2) are generally accepted for determining the 
voltage, the stress, etc. Our experience has always 
been that these equations give very consistent results. 
When D/d exceeds 2.72, however, the layers of insula
tion adjacent to the conductor can be subjected to 
gradients far in excess of those which the insulation 
can normally withstand and yet complete rupture does 
not occur because the gradient in the remaining layers 
is not sufficient.to cause them to rupture. 

We have subjected rubber to dielectric stresses 
three and four times the value at which it normally 
ruptures by applying voltage to cables having a very 
small conductor diameter. 

The applied voltage was sufficiently high to produce 
high stresses in the rubber adjacent to the conductor, 
and yet not rupture the cable. Examination under a 
high-powered microscope of the rubber after being 
subjected to these stresses for considerable time, failed 
to reveal any change in the physical structure of the 
dielectric. 

CABLES HAVING CONSTANT OUTSIDE DIAMETERS BUT 

VARYING CONDUCTOR DIAMETERS 

In order to investigate the effect of large ratios 
of dielectric to conductor diameters on dielectric stresses 
we had several special cables made up. It was necessary 
to make these of rubber as it is difficult to use wrapped 
insulations, such as paper and cambric, with the small 
conductor diameters which we used. Moreover, rub
ber is a more homogeneous dielectric than either of 
the other two. 

The first two sets of cables were made with the object 
of determining the effect upon breakdown voltage of 
having a constant outside diameter and variable 
conductor diameter. The outside diameters were 12/32 
in. or 375 mils (9.49 mm.). 

With a gaseous dielectric and concentric cylinders 
having diameter ratios exceeding 2.72, the dielectric 
at the surface of the inner conductor becomes ionized 
when the voltage gradient at its surface becomes 
sufficiently high. This produces corona at the surface 
of the inner conductor, and its effective diameter is 
increased by corona formation, as is well-known. 
Theoretically, this can occur until the corona diameter 
equals D/2.72, when complete rupture occurs without 
further increase of voltage. These effects will be 
modified somewhat by the ionization of the air outside 
the corona diameter. 

So far as we know, this effect can only occur in solid 
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dielectrics when there are pockets of occluded gases, 
and even then the effect cannot be large. In well-
made cables we feel that the effect of corona formation 
on stress distribution is negligible. 

Assume that the values of V given by curve 0 B C, 
Fig. 2, produce a gradient at the surface of the con
ductor equal to the disruptive strength of the dielectric. 
When the impressed voltage exceeds the values given 
by the portion 0 B of the curve, the dielectric near 
the conductor is obviously stressed beyond its dis
ruptive strength. So far as the writers know, corona 
cannot form in such a manner as to increase the effect
ive diameter of the conductor. Many theories as to 
the effects which this condition of overstress produces 
in the dielectric have been advanced, such as the 
carbonizing of the dielectric, etc. 

In the cables constructed for investigating this 
effect, conductors ranging from No. 24 A. W. G. giving 
a value of D/d = 18.65 to No. 3 Stranded (A. W. G.) 
giving a value of D/d = 1.44 were used. Breakdown 
tests were made on short lengths, the results of which 
are tabulated in Table I. 

Set No. 1. 
T A B L E I. 

D = 12/32 in. = 0 .375 in. (9.49 mm.) 

Cond. Break Gradient at 
Size cond. diam. (d) Ratio Ratio down cond. surface 
A. W . G. mils D/d d'D voltage volts per mil 

24 solid 20.1 18.65 0 .0536 27,680 942 
20 32 .0 11.70 0.0853 29,480 748 
14 65 .0 5.77 0 .173 33,940 592 

90 .0 4 .17 0 .240 35,280 549 
8 128.0 2 .93 0.342 39,140 568 
6 162.0 2.31 0.432 33,490 493 
5 186.0 2 .02 0 .496 31,760 487 
2 258.0 1.45 0.688 23,830 494 
3 strd. 260.0 1.44 0.694 27,950 587 

The insulation showed a dielectric strength of approxi
mately 500 volts per mil when D/d was less than 2.72. 

The values of breakdown voltage given in Table I 

0 . 4 0 . 6 0 . 8 
R A T I O d t o D 

FIG. 3—RELATION BETWEEN RUPTURING VOLTAGE AND THE 
RATIO OF CONDUCTOR TO INSULATION DIAMETERS FOR DATA 
IN TABLE I . 

Full line—actual breakdown 
Dotted line—calculated breakdown 
Maximum stress—500 V/mil 

are plotted as kilo volts in Fig. 3, with the ratio d/D as 
abscissas. With two exceptions, the points lie on a 
smooth curve. The dotted curve shows the voltage 

which will give a constant gradient of 500 volts per 
mil at the surface of the conductor, as the conductor 
diameter varies. It will be noticed that the two curves 
coincide, over the range of experiment, for values of 

0 . 4 0 . 6 0 . 8 
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FIG. 4—RELATION BETWEEN RUPTURING VOLTAGE AND THE 
RATIO OF CONDUCTOR TO INSULATION DIAMETERS FOR DATA 
IN TABLE I I 

Full line—actual breakdown 
Dotted line—calculated breakdown 
Maximum stress—347 V/mil 

d/D greater than 0.368 or 1/2.72. When the value of 
d/D is less than 0.368 the breakdown curve departs 
from the constant gradient curve, lying well above it. 
If the insulation loses its dielectric strength as soon 
as it becomes overstressed, the breakdown voltage 
should follow the curve ABC, Fig. 2, as was pointed 
out by the authors in their 1915 paper2. 

Our experience that the breakdown voltage usually 
followed the straight line A B more closely than the 
the curve 0 B, Fig. 2, led us to adopt the following 
formula for cables having conductor diameters less than 
D/2.72 

0.868 V 5.44 V 
S = 

dc logi D D (3) 

where dc = 
D 

2.72 

Set No. 2. 
T A B L E II. 

D = 12/32 in. = 0 .375 in. (9.49 mm.) 

Cond. Break Gradient at 
Size cond. diam. (rf) Ratio Ratio down cond. surface 
A. W . G. mils D/d d/D voltage volts per mil 

24 solid 20 .1 18.65 0 .0536 39,940 1355 
20 32 .0 11.70 0.0853 38,250 971 
14 65 .0 5 .77 0 .1732 34,900 612 

90 .0 4 .17 0 .240 36,760 571 
8 128.0 2 .93 0 .342 31,630 460 
6 162.0 2 .31 0.432 26,870 395 
5 186.0 2 .02 0 .496 23,980 368 
3 229 .0 1.637 0.610 16,750 297 
2 258.0 1.453 0.688 15,720 326 

The cables whose breakdown characteristics are 
given in Table I and Fig. 3 follow this law very closely. 
The breakdown voltage actually becomes less when the 
conductor diameter becomes less than D/2.72, showing 

2. loc. cit. 
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that the insulation between the conductor and the 
diameter D/2.72 adds nothing to the dielectric strength 
of these particular cables, but rather causes it to be 
less. 

Table II gives data on another set of cables (No.2), 
similar to that shown in Table I. These cables were 
made of rubber having very nearly the same compo
sition as that used in No. 1, but were cured by a 
different method. 

Fig. 4 gives the relation between d/D and breakdown 
voltage for this set of cables. The dotted curve is 
calculated on the basis of 347 volts per mil, the average 
of the gradients at the conductor surfaces for the last 
four cables, whose ratio of outside to conductor di
ameter was less then 2.72. 

Although the dielectric of these cables is nearly 
the same as that of set No. 2, except for cure, this set 
of cables has markedly different dielectric charac
teristics. The dielectric stress calculated for large 
values of d/D is only about 0.7 that for the first set of 
cables and yet with small values of d/D it has much 
greater dielectric strength. That is equation (3) is 
not applicable to these cables. A comparison of the 
results obtained with these two cables demonstrates 
the difficulty of obtaining consistent results under all 
conditions. 

CABLES HAVING CONSTANT CONDUCTOR DIAMETERS 

BUT VARYING OUTSIDE DIAMETERS 

In order to determine the effect on the dielectric 
strength of cables of increasing the wall of insulation 
with a fixed conductor diameter, another set of cables 
was made up. In this set a No. 24 A. W. G. conductor 
having a diameter of 20.1 mils (0 .51mm.) was used. 
The diameters of the insulation varied from 3/32 in. 
(2.38mm.) to 10/32 in. (7 .94mm.) giving values of 
D/d ranging from 4.69 to 15.55. 

The results obtained with these two sets of cables 
were used to determine the breakdown constant K 
of the insulation. 

Dividing equation ( 1 ) by 0.868 gives 

V 
(4) 1 .155 = K = 

d\og D 
d 

This equation is used to calculate K when D/d is less 
than 2.72. When D/d is greater than 2.72 equation 
(3) is likewise used. 

V 6.27V 
K = ^ — = — (5) 

dc log 
dc 

D 

The constant K is the dielectric strength of the insula
tion multiplied by the constant 1.15. If the break
down voltage follows these laws the values of K obtained 
by using equations (4) and (5) should be practically 

constant. As the values of D/d for all the cables in 
Table III were greater than 2.72, only equation (5) 
was used in the computation of K, for these particular 
cables. 

Set No. 3—No. 24 A. W . G. 
T A B L E III. 
Cond. Diam. (d) = 2 0 . 1 mils (0.510 mm.) 

Outside Ratio Breakdown 
diam. D/d voltage k 

3/32 in. 4 .69 9,930 663 
4/32 6 .22 13,600 681 
5/32 7.77 17,800 715 
6/32 9 .33 23,000 769 
8/32 12.45 27,300 685 

10/32 15.55 34,200 685 

The values of K calculated, using equation (5) and 
given in Table III, are plotted in Fig. 5. 

With small values of D/d, K increases slightly. For 
large values of D/d, K is practically constant. The 
breakdown voltage of this set of cables followed the 
law given by equations (4) and (5) very closely. 

EFFECT OF STRESS ON PERMITTIVITY 

It is well-known that the dielectric constant or 
permittivity of a dielectric increases under dielectric 
stress. We felt that this fact might offer a partial 
explanation, at least, of the ability of the inner layers of 
cables to withstand voltage gradients far in excess of 
the normal rupturing gradients of the dielectric, and 
yet apparently show no signs of rupture. 

If the capacitance of that part of the cable nearer 
the conductor increased a sufficient amount, there 
would obviously be a less percentage of the total voltage 
across these layers under high stress, hence the cable 
would automatically grade itself. 

To determine whether or not there was any consider
able change of capacitance under these conditions, a 
special cable was made up. The dimensions and cross-
section of this cable are shown in Fig. 6. Our idea 
was to make a cable having a very heavy wall of insula
tion and also an extremely high value of D/d. Between 
the conductor and outside, a concentric conducting 
cylinder was made into the cable as a means of deter
mining the potential at some intermediate distance 

° Set No.3 / 
No.24 A.W.G. 
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FIG. 5—RELATION BETWEEN STRESS CONSTANT K AND THE 
RATIO OF INSULATION AND CONDUCTOR DIAMETERS FOR 
CABLES IN TABLE I I I 

between the conductor and the outer surface of the 
insulation. Because of greater ease of manufacture, 
a 0.038-in. (0.97 mm.) lead sheath was used for this 
intermediate conducting cylinder. The copper was 
No. 12 A. W. G. having a diameter of 0.081-in. (2.06 
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mm.). The inside diameter of the lead was 0.328 in. 
(8.34mm.) giving 4.05 as the value of D/d for this 
inside portion of the cable. This value of D/d is well 
above the critical value of 2.72 and any phenomena 
developing under these conditions should be apparent 

No.12 Copper' 
10081 in. 

Rubber^— . 

0.404 in. 

— 1 . 0 i n . -

Rubber 

FIG. 6—CABLE WITH INTERMEDIATE SHEATH 

in this cable. The outer diameter of the lead was 
0.404 in. (10.3 mm.) and the cable diameter was 1.0 
in. (25.4 mm.) giving 2.48 as the value of D/d for this 
outer portion of the cable. The ratio of outside to 
conductor diameter is only slightly less than the critical 
value of 2.72. 

Approximately 100-ft. lengths of this cable were im
mersed in water. The electrostatic capacitance was 
then measured with low-voltage, 25-cycle, alternating 
current by means of a deflecting dynamometer, the 
cable capacitance being obtained by direct comparison 
with a standard condenser. 

FIG. 7—DIAGRAM OF CONNECTIONS FOR STRESS TESTS ON 
CABLE WITH INTERMEDIATE SHEATH 

The cable was then connected to the secondary of a 
step-up transformer, the connections being shown in 
Fig. 7. The potential difference between the copper 
and lead and that between lead and ground was meas
ured by means of two vibrating electrostatic volt

meters Vi and y 2 , a description of which has already 
been published by one of the authors.3 The capaci
tance of these instruments is practically nil as compared 
with the capacitances across which they were connected, 
hence they did not disturb the potential relations with
in the cable. 

Fig. 8 gives the results obtained from a typical test. 
The voltage, copper to lead and lead to ground, are 
plotted as ordinates with the total voltage from copper 
to ground as abscissas. The ratios between these two 
voltages remained practically constant until the voltage 
from copper to lead reached 22 kv. when there was a 
noticeable unsteadiness in the vibrations of both 
electrostatic instruments. As the applied voltage 
was being increased, the unsteadiness of Vi became 
pronounced and at 22.8 kv. its reading dropped to 
zero, showing that the insulation between copper and 
lead had ruptured. Simultaneously, the reading of 
V 2 jumped to that corresponding to line voltage. 

1 0 2 0 3 0 4 0 5 0 
K I L O V O L T S - C O P P E R T O G R O U N D 

FIG. 8—RELATION BETWEEN POTENTIALS—COPPER TO INTER
MEDIATE SHEATH, INTERMEDIATE SHEATH TO GROUND, AND 
COPPER TO GROUND 

Full lines—experimental values 
Dotted lines—calculated values 

The voltage was then raised slowly until at 56.5 kv. 
the cable punctured from lead to ground. At the 
instant of breakdown between copper and lead the 
stress at the surface of the conductor was 600 volts per 
mil. Using equation (3), the stress at the diameter 
D/2 .72 was 377 volts per mil. The stress at the sur
face of the lead when the entire cable broke down at 
56.5 kv. was 308 volts per mil. Three tests similar 
to the above were made, and the cable broke down 
copper to lead at practically this same voltage, the 
voltages being 23.8 kv. and 26.0 kv. In the subse
quent tests the breakdown voltages from lead to ground 
were much higher than 56.5 kv., the average being 
approximately 70 kv. 

The voltage between copper and lead and that from 
lead to ground were then calculated, using the measured 
values of alternating-current capacitance. The cal-

3. TRANBL A. I . E. E., Vol. X X X V (1916), page 133. 
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culated voltages are shown by the dotted lines, Fig. 8. 
It will be noted that the increase of capacitance of the 
inner portion of the cable, which was under high stress, 
over that of the outer portion of the cable, which was 
under only moderate stress, is only of the order of 5 
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FIG. 9- -RELATION BETWEEN GRADIENTS THROUGHOUT THE 
WALLS OF INSULATION AND THE RATIO X/D 

Breakdown tests of F. Fernie. 

per cent except at the instant of breakdown, when it is 
slightly greater than this. This 5 per cent change in 
capacitance agrees very closely with other measure
ments which we have made to determine the change of 
capacitance caused by electrostatic stress. We feel 
that these tests demonstrate that the stress across the 
inner layers of a cable having a large ratio D/d is not 
relieved to any considerable extent by a change of 
capacitance produced by the stress. It also demon
strates that for this particular cable, the wall of insula
tion within a diameter of D / 2 . 7 2 adds nothing to the 
dielectric strength of the cable. 

L A W OF BREAKDOWN FOR VALUES OF D/d 

GREATER THAN 2 . 7 2 

As was stated earlier in the paper, our object in mak
ing these numerous tests was, if possible, to determine 
some relation between the breakdown voltage and 
the stresses within the insulation for large values of 
D/d. 

In an article appearing recently in Beama,4 F. Fernie 
submits test data showing that several different cables, 
tested by him, all rupture with practically equal 
potential gradients at the outer surface of the insulation. 
The results are tabulated in Table III of his paper. 
The authors have examined this paper very carefully. 
In checking his values of gradient given in the last 
column of Table III, we find several values in error. 
The values of stress calculated by us, using his data, 
are not so nearly equal as his figures indicate. How
ever, even then the difference can be readily accounted 
for by the erratic nature of breakdown tests already 
discussed. Even if these cables did break down at 
values of gradient at the outer surface of the insulation 

4. F. Fernie, "Insulation Experiments," Beama Sept. 1921 
page 244. 

which were practically equal, we do not feel that it is 
at all rational to consider the breakdown voltage a 
function of dielectric strength of the outer layers where 
the gradient is a minimum. 

Fig. 9 shows the calculated gradient throughout the 
insulation of each cable at the instant of breakdown. 
The gradient is plotted withkv.permm.asordinatesand 
values of x/D as abscissas for each cable, where x is 
any diameter within the insulation. With fixed values 
of d and D and homogeneous insulation, the stress at 
each diameter x is inversely proportional to x (Eq. (1) ). 
Therefore, each of these curves is a rectangular hyper
bola. That is, the gradient at each point of Curve 1, 
Fig. 9, 

S l = (x/D) ( 6 ) 

and the stress at each point on curve 2 

K2 

S2 = (x/D) (7) 

where Kx and K2 are constants. 
For any given value of x/D 

m Si/S* = K,/K2 (8) 
That is, the ratio of ordinates of any two curves for 
each value of x/D is constant for all values of x/D. 
If the gradients at the outer surfaces of the insulation 
of two cables are equal, they will be equal at all values 
of x/D for the two cables. If cables break down for 
equal values of gradient in the outer layers, the gradi
ents in the inner layers for each value of x/D, as far as 
a given curve extends, must be equal. 

1400 

0 . 4 0 . 6 0 . 8 
R A T I O x t o D 

FIG. 10—RELATION BETWEEN GRADIENTS THROUGHOUT THE 
WALLS OF INSULATION AND THE RATIO X/D FOR CABLES IN 
TABLE I I 

An examination of Fig. 9 shows that the cables 
broke down for nearly equal values of gradient at the 
ratios of x to D between 0.33 and 0.39 which corres
pond practically to the critical ratio of D to d of 2 . 7 2 . 

We find that if the values of gradient at the outer 
surfaces of our cables No. 1 and No. 2 be plotted as 
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ordinates and d/D as abscissas, in one case a perfectly 
straight line results, and in another the plot is slightly 
curved. We do not feel that this is important, how
ever, as it is merely the result of higher gradients exist
ing within the inner layers of the cable. 

On analyzing the tests made on the sets of cables 
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FIG. 11—RELATION BETWEEN CONDUCTOR STRESS AND 
RATIO OF INSULATION TO CONDUCTOR DIAMETERS FOR CABLES 
IN TABLES I AND I I 

No. 1 to No. 3 inclusive, the gradients throughout the 
insulation as ordinates and values of x/D as abscissas 
for each cable were plotted. A typical example for 
set No. 2 is shown in Fig. 10. The insulation is assumed 
homogeneous in every case. 
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FIG. 12—RELATION BETWEEN CONDUCTOR STRESS AND 
RATIO OF INSULATION TO CONDUCTOR DIAMETERS FOR CABLES 
IN TABLE I I I 

The upper extremity of each curve is the gradient 
at the conductor surface at the instant of breakdown. 
It will be noted that if a curve be drawn through these 
upper extremities, a curve resembling a rectangular 
hyperbola results. Therefore, if these gradients at 
the conductor surface be plotted with the reciprocal 

of d/D or D/d as ordinates, the plot should be nearly a 
straight line. 

Fig. 11 shows these plots for the cables in sets No. 1 
and No. 2. It will be noted that the points, particu
larly at the larger values of D/d, lie on practically a 
straight line. It should not be expected that every 
point will lie in a smooth curve, as, has already been 
pointed out, dielectric breakdown tests are certain 
to be more or less erratic. Each line, Fig. 11, inter
cepts the ordinate D/d = 1.0 at a value of gradient 
only very slightly less than the rupturing gradient 
of the respective dielectric of the set of cables which it 
represents. 

The equation of these lines is obviously 
S = K + A x (9) 

where S is the gradient at the surface of the conductor 
at breakdown, K is the intercept on the £-axis, A is 
a constant and x = D/d. 

Fig. 12 gives similar plots for the cables in set No. 3 
having conductors of No. 24 A. W. G. and varying 
walls of insulation. 
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FIG. 13—RELATION BETWEEN CONDUCTOR STRESS AND 
RATIO OF INSULATION AND CONDUCTOR DIAMETERS FOR CABLES 
IN F . FERNIE'S PAPER 

Fig. 13 gives similar curves using values obtained 
from F. Fernies' paper.5 The plot given by these 
points is a straight line within the precision of results 
obtained from any set of breakdown tests. The inter
cept on the ordinate D/d = 1.0 gives a value of gradient 
about 0.7 the rupturing gradient of the insulation. 

All the test data which we have available seem to 
indicate that for any given dielectric a straight-line 
law exists between the gradient at the conductor 
surface at breakdown and the ratio of outside to 
conductor diameters (D/d) for values of D/d greater 
than 2.72. However, we feel that further investi
gation is needed along this line, before this relation be 
accepted as final. 

STRESSES IN THREE-CONDUCTOR CABLES 

At the present time, there are two common methods 
of calculating the maximum stress in a three-conductor 
cable. 

In the first method, which is the one used by most 
engineers until recently, the maximum stress for a 
three-conductor cable was calculated by the same for
mula as that used for a single-conductor cable of the 

5. loc. cit. 
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same size of conductor and having a wall of insulation 
equal to the total wall between the conductors of the 
three-conductor cable. 

The second method is by means of a formula recently 
published in the JOURNAL and PROCEEDINGS of the 
A. I. E. E. 6 Here again the stress in a three-conductor 
cable is calculated by the same formula as for a single-
conductor cable, but the wall of insulation is assumed 
to be equal to the distance between the conductor 
surface and the center of the three-conductor cable. 
A correction factor is involved, dependent upon the 
relation between the conductor insulation and the 
conductor diameter. 

In order to determine which one of these two methods 
of calculating stress in a three-conductor cable was 
the more accurate, a series of breakdown tests was 
made on single- and three-conductor cables. 

The rupturing stress for the insulation should be 
approximately the same with both the single and three-
conductor cables. 

Of the two foregoing methods, the one which should 
be accepted as standard is the one which gives the 
rupturing stress of the insulation of a three-conductor 
cable more nearly equal to that of a single-conductor 
cable, having the same kind of insulation. 

• Tables IV and V give the results of breakdown and 
calculated stresses for single and three-conductor 
paper cables. 

T A B L E IV. 

Breakdown Tests—6-ft. Samples—No. 6 A. W . G. 
PAPER 

Breakdown rflog D/d Max. stress 
Sam Voltage Method Method 

Cable ple Y A Old New Old New 

Three-Cond., No. 6 1 15,000 25,900 85 .6 65 .2 263 200 
St.—5 64-in. Wall 2 17,600 30,400 308 235 
-5/64-in. Jacket 3 20,400 35,300 358 272 

Three - Phase — 60 4 15,600 27,000 274 208 
cycles 5 16,800 29,100 295 224 

6 17,200 29,800 302 229 
7 17,600 30,500 309 235 
8 23,000 39,800 403 307 
9 18,000 31,200 316 240 

10 18,800 32,500 329 251 
Ave rage 316 240 

Three-Cond., No. 6 1 21,400 37,000 85 .6 65 .2 375 285 
St.—5 64-in. Wall 2 19,600 33,900 343 261 
—No Jacket 3 17,600 30,500 309 235 

Three - Phase — 60 4 20,000 34,600 351 266 
cycles 5 15,800 27,300 277 211 

6 19,600 33,900 343 261 
7 18,200 31,500 319 243 

Ave rage 331 252 
Single-Cond., No. 6 1 49,600 80 .6 534 

St.—5/32-in. Wall 2 37,200 402 
Single - Phase — 60 3 36,800 396 

cycles 4 24,800 267 
5 31,200 336 
6 33,200 357 
7 30,000 323 
8 37,200 402 
9 36,000 388 

10 28,000 301 
Ave rage 371 

6. R, W. Atkinson, "The Dielectric Field in an Electric 
Power Cable," TRANS. A. I.E. E. Vol. X X X V I I I ( 1 9 1 9 ; , page 9 7 1 . 
Davis & Simons, * 'Maximum Allowable Working Voltages in 
Cables," A. I. E. E. JOURNAL, January 1 9 2 1 . 

Table VI gives the results of breakdown and cal
culated stress for single-conductor and three-conductor 
varnished cambric cables. 

T A B L E v. 
Breakdown Test 6 ft. Samples—No. 2 A . W . G. Paper. 

I Breakdown d log D/d | Max. stress 
Sam Voltage Method Method 

Cable ple Y A Old New Old New 

Three-Cond., No. 2 1 22,800 38,600 9 9 . 4 77 .7 338 255 
St.—5/64-in. Wall 2 21,600 37,300 326 241 
—5/64-in. Jacket 3 26,800 46,300 405 300 

Three - Phase — 00 4 18,800 32,500 284 210 
cycles 5 21,800 37,700 330 244 

6 31,000 50,500 432 346 
7 19,200 33,200 291 215 
8 35,000 60,500 529 391 
9 24,600 42,500 372 275 

10 20,600 35,600 311 230 
Ave rage 36^ 271 

Single-Cond., No. 2 1 31,200 87.3 310 
St.—5/32-in. Wall 2 40,800 406 

Single - Phase — 60 3 31,600 314 
cycles 4 30,800 306 

5 27,600 274 
6 33,800 336 
7 42,800 426 
8 30,400 302 
9 28,800 286 

10 36,000 358 
1 Ave rage 332 

The breakdowns were all made at 60 cycles and by 
raising the voltage at the rate of approximately 1000 
volts per second. The single-conductor cables were 
broken down with single-phase voltage between con
ductor and lead and the three-conductor cables with 

T A B L E VI . 

Breakdown Tests—6-Ft. Samples-No. 6 A. W . G. 
C A M B R I C 

Breakdown d log D/d Max. stress 
Sam Voltage Method Method 

Cable ple Y A Old New Old New' 

Three-Cond., No. 6 1 25,000 43,300 84 .0 64 .0 448 339 
St.—5/64-in. Wall 2 22,000 38,100 393 298 
—5/64-in. Jacket 3 27,000 46,700 482 366 

Three - Phase — 60 4 25,000 43,300 447 339 
cycles 5 27,000 46,700 482 366 

6 24,000 41,600 430 326 
7 24,000 41,600 430 326 
8 21,600 37,400 386 293 
9 23,200 40,200 415 314 

10 26,000 45,000 465 353 
Ave rage 4cJ8 332 

Three-Cond., No. 6 1 24,600 42,600 84 .0 64 0 440 334 
St.—5/64-in. Wall 2 25,000 43,300 447 339 
—No Jacket 3 18,800 32,500 336 255 

Three - Phase — 60 4 30,000 51,900 537 407 
cycles 5 22,400 38,800 402 304 

6 24,600 42,600 440 334 
7 28,000 48,500 502 380 
8 22,600 39.100 404 306 
9 29,000 50,200 517 393 

10 2'0,800 36,000 372 282 
Ave rage 440 333 

Single-Cond., No. 6 1 47,200 79 .0 518 
St.—5/32-in. Wall 2 43,600 480 

Single - Phase — 60 3 47,000 516 
cycles 4 48,800 537 

5 50,000 550 
6 41,600 457 

Ave ra^e 510 

three-phase voltage between conductors, the lead sheath 
being grounded and connected to the neutral point of 
the Y-connected transformers. 
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T A B L E VII . 
1000-Cycle Capacitance Tests—Paper 

Copper temp 68 °F = 20 °C 105 °F = 4 0 . 5 ° C 148 °F = 6 4 . 5 ° C 175°F = 7 9 . 5 ° C 200 °F «= 93 3°C 
Lead temp 68 °F = 20 °C 78°F = 2 5 . 5 ° C 94°F = 3 4 . 5 ° C 105°F = 4 0 . 5 ° C 113°F = 45 0°C 

Copper No. 1 Layer 3720 3940 3965 4020 4140 
No. 1 Layer No. 2 Layer 2910 2940 3000 3050 3110 
No. 2 " No. 3 " 3770 3875 3840 3870 3900 
No. 3 " No. 4 " 5530 5550 5560 5610 5640 
No. 4 " Lead 5560 5590 5590 5840 5900 

T A B L E VIII . 
1000-Cycle Capacitance Test—Cambric Sample 

Copper temp 71°F = 2 1 . 7 ° C 99°F = 3 7 . 2 ° C 148°F = 6 4 . 5 ° C 175°F = 79 .5 °C 200 °F = 93 3°C 
Lead temp 71°F = 21 7°C 80°F = 2 6 . 7 ° C 101°F = 3 8 . 3 ° C 115°F = 4 6 . 1 ° C 121°F = 49 4°C 

Copper No. 1 Layer 3075 3230 3530 3690 3750 
No. 1 Layer No. 2 " 4540 4730 5170 5220 5320 
No. 2 " No. 3 " 4650 4780 5020 5050 5080 
No. 3 " No. 4 " 6310 6450 6730 6850 6850 
No. 4 " Lead 7300 7450 7770 8000 8030 

T A B L E I X . 
Measured Voltages—Grounded Lead Sheath to Layers of Copper Strands 

Paper Cable 

Measured Voltages-

T A B L E X . 
-Grounded Lead Sheath to Layer of Copper Strands 

Cambric Cable 

Copper temp 
Lead temp 

71°F = 2 1 . 7 C C 
71°F = 2 1 . 7 ° C 

99°F = 3 7 . 2 ° C 
80°F = 2 6 . 7 ° C 

148 °F = 6 4 . 5 ° C 
101°F = 3 8 . 3 ° C 

175°F = 7 9 . 5 ° C 
115°F = 4 6 . 1 ° C 

200°F = 9 3 . 3 ° C 
121°F = 49 .4°C 

Lead to Copper 10,000 10,000 10,000 10,000 10,000 
" No. 1 Layer 6,950 7,000 7,100 7,200 7.350 
" No. 2 " 4,900 5,000 5,200 5,400 5,650 
" No. 3 " 2,950 3,000 3,100 3,350 3,500 
" No. 4 " 1,400 1,400 1,450 1,690 1.650 

T A B L E X I . 
Voltage Between Successive Layers—Paper Sample 

Copper temp 
Lead temp 

68°F = 2 0 . 0 ° C 
68°F = 2 0 . 0 ° C 

105 °F = 4 0 . 5 ° C 
78°F = 2 5 . 5 ° C 

148 °F = 6 4 . 5 ° C 
94 °F = 3 4 . 5 ° C 

175°F = 7 9 . 5 ° C 
105°F = 4 0 . 5 ° C 

200°F = 93 .3°C 
113°F = 45°C 

Copper No. 1 2100 2000 1950 1900 1750 
No. 1 Layer No. 2 Layer 2760 2800 2800 2700 2700 
No. 2 " No. 3 " 2160 2200 2250 2300 2300 
No. 3 " No. 4 " 1500 1500 1510 1600 1700 
No. 4 " Lead 1480 1500 1490 1500 155i 

T A B L E X I I . 
Voltages Between Successive Layers—Cambric Sample 

Copper temp 
Lead temp 

71°F = 2 1 . 7 ° C 
71°F = 2 1 . 7 ° C 

99°F = 3 7 . 2 ° C 
80°F = 2 6 . 7 ° C 

148 °F = 6 4 . 5 ° C 
101°F = 3 8 . 3 ° C 

175 °F = 79 .5 °C 
115°F = 4 6 . 1 ° C 

200 °F = 93 .3°C 
121°F = 49 .4°C 

Copper No. 1 3050 3000 2900 2800 2650 
No. 1 Layer No. 2 Layer 2050 2000 1900 1800 1700 
No. 2 " No. 3 " 1950 2000 2100 2050 2150 
No. 3 " No. 4 " 1550 1600 1650 1750 1850 
No. 4 " Lead 1400 1400 1450 1600 1650 

Copper temp 68 °F = 20 °C 105°F = 40 5°C 148°F = 6 4 . 5 ° C 175°F = 7 9 . 5 ° C 200 C F = 93 3°C 
Lead temp 68°F = 20°C 78°F = 25 5°C 94°F = 3 4 . 5 ° C 105 °F = 4 0 . 5 ° C 113°F = 45 0°C 

Lead to Copper 10,000 10,000 10,000 10,000 10,000 
" No. 1 Layer 7,900 8,000 8,050 8,110 8,250 
" No. 2 " 5,140 5,200 5,250 5,400 5,550 
" No. 3 " 2,980 3,000 3,000 3,100 3,250 
" No. 4 " 1,480 1,500 1,490 1,500 1,550 
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It should be noted that the rupturing stresses of the 
three-conductor cables when calculated by the old 
method are nearly the same as for the single-conductor 

X - R A D I U S 

FIG. 14—TYPICAL POTENTIAL-GRADIENT CURVE 

cables, while the stresses calculated by the new method 
are considerably lower. 
EFFECT OF INTERNAL HEATING ON VOLTAGE GRADIENT 

WITHIN CONCENTRIC INSULATION 

The general shape of the potential gradient or stress 
curve for a homogeneous wall of concentric insulation 
calculated by the logarithmic formula, equation (1), 
is shown in Fig. 14. 

If the wall of insulation is not homogeneous, but made 
up of multiple layers of insulating materials having 
different dielectric constants, the voltage distribution 
throughout the wall may be calculated by the formula 
Vo = Vi + y 2 + v 3 + . . . . Vn 

2Q 2Q 2Q 
= l o g e ri/r + - g : - log, r2/rl + -^r- log, r 3/r 2 

+ . . . . (10) 

T E M P E R A T U R E - D E G R E E S F A H R E N H E I T 

FIG. 15—PER CENT CHANGE OF DIELECTRIC CONSTANT WITH 
CHANGE OF TEMPERATURE FOR INSULATING MATERIALS 

where V 0 is the total voltage across the wall of insula
tion 

Vi, Vi, y 3 are the respective voltages across the 
first, second, third layers of insulating material 

Q is the electrostatic charge on the surface of each 
layer of insulating material 

K\9 K<L> Kz are the respective dielectric constants of 
the layers of insulating material 

r is the radius of the conductor 
n, r2, r3, . . rn are the radii of the layers of insulating 

material. 

FIG. 16—LOW-CAPACITANCE ELECTROSTATIC VOLTMETER 

By employing multiple layers of insulating materials 
with the proper relative values of dielectric constants, 
it is possible to reduce considerably the maximum 
voltage stress at the surface of the conductor and 
increase the stresses in the outer layers of the insulation. 

This method of insulating cables is commonly 
referred to as ' 'grading'' and theoretically results in a 

FIG. 17—LOW-CAPACITANCE ELECTROSTATIC VOLTMETER 

cable that will withstand a higher impressed voltage 
than a non-graded cable, other factors being equal. 

Several excellent papers7 have been published on 
the subject of "grading of cables." 

7. E. Jona, Trans, of International Elec. Congress, St. Louis, 
1904, page 550. 

A. Russel, London Electrician, Vol. 60, 1907, page 160. 
H. S. Osborne, TRANS. A. I. E. E., Vol. 29, 1910, page 1553. 
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An insulated cable carrying current must dissipate 
energy in the form of heat, and the source of this 
energy is the I2 R loss in the conductor. The heat flows 
from the conductor to the surrounding medium with 
the result that the conductor is at a much higher tem
perature than the outside of the insulation. 

DII. = 0.901 in. 

Wall- 0.076in. 

FIG. 18—DIMENSIONS OP N O . 4 STRANDED PAPER-INSULATED 
STRESS SAMPLE 

The dielectric constant of insulating materials in
creases very considerably with increase of temperature. 

In Fig. 15 there are curves showing the average in
crease of dielectric constants with temperature for the 
three most common cable insulating materials. 

Therefore, theoretically, the insulation nearest the 
conductor of a cable carrying current should have a 
higher dielectric constant than the insulation farther 
from the center with the result that the voltage dis
tribution throughout the wall of insulation should 
change as the temperature increases. 

The following tests were made to determine whether 
or not the voltage distribution followed the theoretical 
law, and if so, how much change occurred as the tem
perature was increased. 

The instrument used for voltage measurements was 
a modification of one described by Prof. C. L. Dawes in 
a discussion on voltage measurements at New York 
in 1916.8 

Figs. 16 and 17 show the general scheme of the volt
meter. 

Two silk threads are stretched tightly between two 
supports A A, the proper tension being secured by the 
springs B B. A thin brass plate (P) approximately 
6 by 11 millimeters is cemented at one end to the two 
silk threads half way between the supports. On this 
brass plate is a small mirror for reflecting a beam of 
light. 

In front of the plate P, another brass plate E is 
fastened, in the center of which is a small hole through 
which a beam of light enters to and leaves from the 
mirror. These two brass plates are connected together 
electrically by a flexible metal filament for one ter
minal of the instrument. The other terminal of the 
instrument is a small plate F, secured to the other side 
of the hard-rubber barrier. This barrier acts as a 
dielectric to prevent breakdown between the terminals. 

8. TRANSACTIONS of A. I. E. E., Vol. X X X V , Part 1, page 133. 

Because of the inertia and high damping of the 
moving plate, it does not vibrate, as in the original 
instrument, but gives a steady deflection with constant 
voltage. It is immersed in oil to prevent corona and 
brush discharge and also for damping purposes. The 
deflection of the instrument is nearly proportional to 
the square of the voltage impressed between its ter
minals and consequently the deflection is always in 
the same direction. 

The capacitance of this instrument between ter
minals is extremely small, approximately 0.0000017 
microfarad or 1.7 micro-microfarads. 

At times when the instrument was too sensitive for 
the voltages to be measured, multiplying capacitances 
of either 3.1 micro-microfarads or 12 micro-micro
farads were used to keep the deflection within the range 
of the scale. 

Two short samples of single-conductor cable were 
manufactured upon which measurements could be made 
—one sample with paper insulation and one sample 
with varnished cambric insulation. Each sample con
sisted of a No. 4 A. W. G. stranded copper conductor 
with a total wall of insulation of approximately 9/32 
in. (7 .1mm.) , and a lead sheath. At four different 
points in the walls of insulation, layers of No. 36 
A. W. G. bare copper strands were spiraled the length 
of the sample between layers of the insulating material. 
Figs. 18 and 19 show the dimensions and locations of 
the copper strands. 

Thermocouples were placed in the conductors and 
in the lead sheaths of both samples so that it was pos
sible to know accurately the temperature of each. 

Sixty-cycle alternating current was applied to the 
samples from a current transformer and voltage mea
surements were made with an impressed voltage 
between conductor and lead of 10,000 volts. 

The minimum capacitance between successive layers 
of copper strands was 950 micro-microfarads. It is 

0ia.= 0.851 IN. 

WALL = 0.068 in. 

FIG. 19—DIMENSIONS OF N O . 4 STRANDED CAMBRIC-INSULATED 
STRESS SAMPLE 

evident that because of its small capacitance the electro
static voltmeter already described could be used to 
measure voltages between layers of copper strands 
without disturbing the voltage distribution through 
the wall of insulation. 

The voltage measurements were so made tnat one 
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side of the voltmeter was constantly at ground poten
tial. 

Tables VII and VIII show the results of 1000-cycle 
capacitance tests made on the samples at the various 
temperatures. 

5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 
D I S T A N C E F R O M S U R F A C E O F C O N D U C T O R - M I L S 

FIG. 20—EFFECT OF COPPER TEMPERATURE ON POTENTIAL 
GRADIENT OF PAPER CABLE 

Four-stranded 0.295-in. wall impregnated paper 
Temperature in degrees fahrenheit 

The increase of capacitance for the paper cable is 
small, being only 11.3 per cent for the wall of insulation 
nearest the conductor and 6.1 per cent for the wall far
thest from the conductor. The capacitance measure
ments indicate that any change in voltage distribution 
with increase of internal temperature is small, and, 
except in cases where the insulation is working very 
close to the breakdown stress of the material, the 
decrease of maximum stress is of very small value. 

The actual voltage distribution through the wall 
insulation cannot be calculated from low-voltage 
capacitance measurements because the capacitance of 
insulating material under high-voltage stress is some
what higher than when the stress is practically zero 
as has already been pointed out. 

Table IX and Table X show the voltage as measured 
between the grounded lead sheath, and the layers of 
copper strands. 

Tables X I and X I I show the voltages between suc
cessive layers of copper strands as calculated from the 
data in Tables IX and X . 

Figs. 20 and 21 show the potential gradient curves 
plotted from the data in Tables X I and X I I . The 
curve for each copper temperature is indicated and the 
corresponding lead temperature is shown in the accom
panying chart. 

The first tests were made after the samples had been 
kept in the laboratory for several days so that the total 
wall of insulation was at room temperature. The po
tential gradient curves for these temperatures are smooth 
and continuous, the maximum stress on each layer 
being the same as the minimum stress on the preceding 
layer. This might be considered a good check on 
the accuracy of the apparatus used. 

While both the paper and varnished cables show a 
decrease of maximum stress with an increase of internal 
temperature, there is quite a marked difference in the 
two sets of curves. 

The most marked change of stresses in the cambric 
cable is between the second and third layers, while 
the change for the paper cable comes much nearer tha 
conductor, between the first and second layers. There 
is no apparent reason for this, except possibly a differ
ence in thermal resistivity. Some difference between 
the results obtained with the paper cable and those 
obtained with the cambric cable might be expected. 
This is due to a change in the physical state of the im
pregnating compound used in the paper cable with a 
rise of temperature, while the physical state of the 
insulating material of the cambric cable remains prac
tically constant. 

5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 
D I S T A N C E F R O M S U R F A C E O F C O N D U C T O R - M I L S 

FIG. 21—EFFECT OF COPPER TEMPERATURE ON POTENTIAL 
GRADIENT OF CAMBRIC CABLE 

Four-stranded 0.270-in. wall varnished cambric 
Temperature in degrees fahrenheit 

The maximum voltage that can be safely impressed 
across a wall of insulation depends upon the dielectric 
strength of the insulating material. The factor of 
safety for an operating cable is the ratio of the dielectric 
strength of the insulating material to the maximum 
stress produced by the working voltage. Either an 
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increase in the dielectric strength or decrease in the 
maximum stress results in an increase of the factor of 
safety. 

Factor of Safety = 
Dielectric Strength 
Maximum Stress 

If both the dielectric strength and the maximum 
stress of a cable be changed the effect on the factor of 
safety would be the ratio of change of dielectric strength 
to the change of maximum stress. 

- 2 0 

-201 

I 

Factor of Safety 

Dielectric Strength ;̂ 

s \ 

Stress (Maximum) 

" 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0 2 0 0 
C O N D U C T O R T E M P E R A T U R E D E G R E E S F A H R E N H E I T . 

FIG. 22—EFFECT OF DIELECTRIC STRENGTH AND DIELECTRIC 
STRESS ON THE FACTOR OF SAFETY OF PAPER CABLES 

Per cent change in maximum stress vs. conductor temperature 
Per cent change in dielectric strength vs. temperature 
Per cent change in factor of safety vs. conductor temperature 

Paper-insulated cable 

Fig. 22 shows the per cent change in maximum stress 
for the paper cables as the temperature of the cable is 
increased. There is also shown the per cent changes 
in dielectric strength with temperature change for 
impregnated paper insulation as determined from 
many breakdown tests. The ratio of the changes in 
dielectric strength to the changes in dielectric stress is 
plotted to show the changes in the factor of safety. 

Fig. 23 shows the dielectric strength, the maximum 
stress and the factor of safety curves for the cambric 
cable. 

It is interesting to note that the factor of safety 
for these paper cables is 4 per cent higher at 185 degrees 
fahrenheit, the A. I. E. E. temperature limit, than it was 
at normal temperature at 68 degrees fahrenheit. 

In studying and discussing the curves and data of 
this paper, it should be borne in mind that these results 
are only an indication of what happens in the dielectric 
because of the internal heat generated at the conductor. 
The quantitative values would be affected consider
ably by the conditions under which the cable is working, 
probably mostly by the relative copper and lead tem
peratures. 

CONCLUSIONS 

The experimental evidence given indicates that: 
1. For values of D/d equal to or less than 2.72, 

the potential gradient within a wall of insulation follows 
the simple logarithmic formula. The maximum stress 
may be calculated by the formula 

S 
0.868 V 

dlogi D^ 
d 

2. For values of D/d greater than 2.72, the layers 
of insulation adjacent to the conductor can be sub
jected to stresses far in excess of those which the insu
lation can normally withstand and yet complete rup
ture does not occur. 

The following modified formula can be safely used 
to determine the breakdown stress for small conductors 
with a heavy wall of insulation 

0.868 V 

where dc 

S = 

D 
2.72" 

d c l og , 0 

D_ 

3. The stress across the inner layers of a cable hav
ing a large ratio D/d is not relieved to any considerable 
extent by a change of capacitance produced by the stress. 

4. Breakdown tests of a special cable with an inter
mediate sheath at the point D/2.72 indicate that the 
insulation within the diameter D/2.72 adds nothing 
to the dielectric strength of the cable. 

5. For values of D/d greater than 2.72, our data 
indicate that for any given dielectric, a straight-line 
law exists between the gradient at the conductor 
surface at breakdown and the ratio D/d. 

6. Results of the large number of breakdown tests 
which are given show that in calculating the maximum 
stress in three-conductor cables the wall of insulation 
should be assumed equal to the total insulation between 
conductors rather than between conductors and the 
center of the cable, the delta voltage being used in the 
computation. 
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FIG. 23—EFFECT OF DIELECTRIC STRENGTH AND DIELECTRIC 
STRESS ON THE FACTOR OF SAFETY OF CAMBRIC CABLES 

Per cent change in maximum stress vs. conductor temperature 
Per cent change in dielectric strength vs. temperature 
Per cent change in factor of safety vs. conductor temperature 

Varnished cambric-insulated cable 

7. Heat generated at the conductor of an insulated 
cable causes only a small change of capacitance of the 
insulation nearest the conductor and consequently 
only a slight "grading'' of the cable. No dependence 
should be put upon the difference of temperature be
tween conductor and outside of the cable to auto
matically grade the insulation. 
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